We describe a dual-color plasmonic lens suitable for focusing two femtosecond surface plasmon polariton wavefronts to a common focal spot. We show that the overlapping evanescent fields, which are confined to (sub-) micrometer dimensions, form a surface-selective excitation volume for four-wave mixing (FWM) experiments. We demonstrate that stable and virtually background-free FWM signals from single nano-objects placed in the plasmonic focus can be generated. The plasmonic focal spot constitutes a precisely controlled excitation source for surface-selective nonlinear spectroscopic measurements. V C 2012 American Institute of Physics.
The strong signals and high resolution in FWM microscopy arise from the capability to form a sub-micrometer sized excitation volume. This excitation volume results from the collinear overlap of the excitation beams, each focused to a diffraction-limited focal spot by the same high numerical aperture lens. 4 The FWM excitation spot is typically confined to a three-dimensional volume of less than 1 lm 3 . The small size of the excitation volume produces high excitation densities, which boost FWM signal levels. In addition, the localized nature of focal spot reduces signal contributions from the bulk, and thus provides a mechanism for generating higher contrast from sub-micrometer sized objects.
In FWM studies of nanostructures, the targets are typically supported by glass substrates, which produce nonresonant FWM signals that often overwhelm the signal from the nanomaterial. To improve the FWM contrast from individual nanostructures, it would be highly beneficial to reduce the size of the focal volume even more, preferably to the size of the nanostructure itself, which would maximally suppress nonresonant contributions from the surrounding bulk or supporting medium. However, it is challenging to form nanoscopic FWM excitation volumes with free space light, as the size of the focal fields are dictated by the diffraction limit.
Alternatively, confined excitation fields can be attained when coupling freely propagating light to evanescent field modes at surfaces. This approach is utilized, for instance, in total internal reflection fluorescence (TIRF) microscopy, where fluorophores are excited only within the $100 nm reach of the evanescent field at a glass surface. 5 Another example is surface enhanced Raman scattering (SERS), which utilizes the highly localized and strong plasmonic fields at metal nanostructures for enhancing the weak Raman response of surface-tethered molecules. 6, 7 In both examples, the localized nature of the evanescent field suppresses bulk contributions and increases the signal contribution from the target compound in the vicinity of the surface. A similar approach has been used in FWM microscopy, including the use of metallic nanostructures to boost CARS signal levels from surface-tethered molecules [8] [9] [10] [11] and the use of flat gold surfaces to selectively excite structures near the metal interface. [12] [13] [14] Although the confined nature of plasmonic fields constitutes an attractive strategy for improving FWM contrast from nanoscopic objects, existing approaches lack the degree of control over excitation parameters that can be obtained with freely propagating light. Whereas in conventional FWM microscopy the excitation density and size of the focal volume are controllable parameters, the localized plasmonic fields at metallic nanostructures are often ill-defined. Controlled excitation conditions are important for FWM experiments in order to mitigate unwanted heating effects and spurious optical nonlinearities of plasmonic substrates. A higher level of control can be achieved when using the surface plasmon polariton (SPP) modes at flat metallic surfaces. However, the resulting evanescent fields are commonly not confined in the lateral dimension, thus, producing much lower FWM excitation densities.
In this work, we aim to combine the excellent surfaceselective excitation properties of evanescent fields with the controlled confinement of diffraction-limited focal fields for the purpose of dual-color FWM microscopy. We achieve surface-selective FWM excitation by utilizing SPP excitation in a gold film, while making use of grating-based plasmonic lenses to confine the lateral focusing parameters. Previous work has shown that plasmonic lenses are capable of focusing SPP wavefronts to sub-wavelength spots. [15] [16] [17] [18] [19] We here extend the use of such lenses into the regime of nonlinear optics. By using femtosecond pulses in a dual-color configuration, we show that a confined evanescent FWM excitation volume can be produced. Moreover, we demonstrate that background-free FWM signals can be generated from nanoparticles (NPs) placed in such a plasmonic focus.
The FWM experiments described here are based on a dual-color CARS process, where incident frequencies x 1 and x 2 produce a signal frequency at 2x 1 À x 2 . The experimental layout is shown in Figure 1 . The substrate consists of a 30 nm thick gold film, which contains two concentric halfcircular plasmonic lenses. The lenses consist of grooves with a slit width of 0.15 lm, fabricated with a focused ion beam (Quanta 3D FEG, FEI). The groove spacing in each of the lenses is tuned to optimize SPP excitation with the incident beams, 720 nm for k 1 and 820 nm for k 2 , corresponding to an inter-groove spacing of 698 nm and 805 nm, respectively. The radius of the inner half-circular slit is 5 lm, and each lens consists of 10 concentric arcs. The lenses are placed in a parfocal geometry, forming a dual color plasmonic lens. In all experiments, the average power incident at the lens grating is less than 10 mW for each beam. For FWM experiments on nanoparticles, 30 nm sized Si particles (Meliorum Technologies) were first deposited on the gold surface. After identification of an isolated single Si nanoparticle, a plasmonic lens was milled around it, effectively positioning the particle at the center of the lens.
The optical excitation beams are derived from a Ti:sapphire laser (MaiTai, Spectra-Physics) and an optical parametric oscillator (Inspire, Spectra-Physics), producing pulses with a temporal width of 370 fs (k 1 ) and 230 fs (k 2 ) at the sample plane. The excitation beams are passed through 0.5 mm pinholes and imaged independently onto the back aperture of a high numerical aperture lens (60Â, NA 1.42 oil, Olympus). The shallowly focused excitation beams illuminate their respective side of the dual-color plasmonic lens at near normal incidence, forming each an $8 lm diameter illumination spot on the grating. Based on the size of the illumination spots on the grating, the maximum focusing angle corresponds to $30
. The generated FWM and fluorescence emission from the sample are detected in the epi-direction by a charge-coupled device (CCD) camera (Clara, Andor) through a bandpass filter (650/40 nm, Chroma). A dichroic mirror (680 SWP, Chroma) is used to separate the FWM emission from the incident light.
We first characterize the dimensions of the excitation field produced by the dual-color plasmonic focus. In Figure  2 (a), a CCD image is shown of the plasmonic lens illuminated by the E 1 and E 2 excitation fields. Both fields couple to traveling SPPs in the film, producing SPP wavefronts that are focused at the center of the lens, as observed through the plasmon leakage radiation. The two SPP wavefronts, at frequency x 1 and x 2 , are counter-propagating and share a common focus. Due to interference effects in the film and in the imaging system, however, direct imaging of the fundamental SPP is not ideal for determining the size of the plasmonic focus. It also proves challenging to characterize the focal dimensions directly with FWM contrast, because the FWM of the gold surface as well as from bulk samples is suppressed in the counter-propagating excitation configuration. 13 Instead, we use the two-photon excited fluorescence (TPEF) of rhodamine 6G in methanol, which is applied to the surface, as a contrast mechanism to visualize the nonlinear excitation spot. Although the TPEF signal exhibits a different dependence on the intensities of the incoming fields (2nd order) compared to FWM (3rd order), the use of TPEF allows for a direct inspection of the overlap area of the E 1 and E 2 foci. Figure 2(b) shows the contribution to the TPEF originating from one x 1 photon and one x 2 photon (x 1 þ x 2 ). The dual-color TPEF image is obtained by subtracting images taken at zero time-delay and at a 1 ps time delay between the pulses. The temporal dependence of the dual-color TPEF contribution is plotted in Figure 2(c) . The lateral full-width at half maximum (FWHM) of the dualcolor focal spot is 0.63 lm. Using a model for plasmonic focusing, 19 we calculate that in the case of perfect parfocality, a lateral width of 0.48 lm is expected under these conditions. We attribute the discrepancy between the calculated and measured focal dimensions to non-perfect parfocality of the two SPP wavefronts due to possible spatial phase variations of the incident light beams. Such residual spatial phase gradients can be compensated by properly tailoring the transverse phase of the input beams with, for instance, spatial light modulators (SLMs). Note that, in principle, much tighter foci can be obtained by illuminating a larger area of the grating to achieve a higher effective NA of the lens. 19 We have limited ourselves to a somewhat smaller illumination area here to achieve higher excitation densities with the laser power currently available with our system.
The confined dual-color plasmonic focus can be used to generate FWM signals from objects placed on the gold surface. In Figure 3(a) , the FWM signal of a single Si nanoparticle positioned in the center of the plasmonic focus can be seen. The FWM from the nanoparticle is much stronger than any background contributions. Some residual TPEF from gold, excited by E 1 at the edges of the grooves of the lens, can be observed when changing the polarization of the incident light from P to S. However, as shown in Figure 3 (b), these contributions are almost two orders of magnitude weaker than the FWM signal seen in the plasmonic focus. We also note that the SPP-excited FWM signal does not blink and is stable for hours.
The strong FWM signals from nanoscopic objects in focus are generated without a loss of temporal resolution. In Figure 3(c) , the FWM of a Si nanoparticle in focus is shown as a function of the time delay between E 1 and E 2 . The temporal width of the cross-correlation profile is identical to the convolution of the individual pulse widths, indicating that dispersion in the gold and spectral filtering at the lens are insignificant for excitation pulses in the 200 fs range used here. The limited influence of spectral filtering is also demonstrated in Figure 3(d) , where the FWM generation efficiency in focus is plotted as a function of k 1 . The spectral tolerance of the lens grating is sufficient to accommodate coupling of $ 200 fs incident pulses into a SPP wavefront in the gold film without compromising the pulse spectrum.
In summary, in this work, we demonstrate that plasmonic lenses are suitable for nonlinear optical experiments. We use a dual-color lens design that forms an evanescent focus capable of generating localized TPEF and FWM signals. The evanescent excitation field limits the generation of FWM signals to within the first $100 nm away from the surface, 14 rendering this approach suitable for surface selective measurements. Although the field confinement in these nonlinear excitation spots is less than what can be achieved at plasmonic tips and at engineered nanostructures, the plasmonic lens offers a much higher degree of controllability of electric field parameters akin to the situation in the 3D foci of free space light. Under the controlled conditions of location and spatial field confinement, we obtain SPP-excited FWM signals of single nano-objects. The femtosecond FWM signals in focus retain a high 
